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Abstract This chapter presents a review on the latest advances in the computation of
physical conditions and chemical abundances of elements present in photoionized
gas (H ii regions and planetary nebulae). The arrival of highly sensitive spectrographs
attached to large telescopes and the development of more sophisticated and detailed
atomic data calculations and ionization correction factors have helped to raise the
number of ionic species studied in photoionized nebulae in the last years, as well
as to reduce the uncertainties in the computed abundances. Special attention will be
given to the detection of very faint lines such as heavy-element recombination lines
of C, N and O in H ii regions and planetary nebulae, and collisionally excited lines
of neutron-capture elements (Z>30) in planetary nebulae.
1 A very brief introduction on emission line spectra of
photoionized nebulae
Photoionized nebulae (i. e. H ii regions and planetary nebulae) are among the most
“photogenic” objects in the sky. Given their relatively high surface-brightness they
are easily accessible, even for non-professional telescopes. This allowed earliest
visual spectroscopic observations by William Huggins and William A. Miller ([1])
who obtained the first spectrum of a planetary nebula (The Cat’s Eye Nebula), where
they detected a bright emission line coming from amysterious element that Margaret
L. Huggins ([2]) called “nebulium”. Several decades later, Ira S. Bowen ([3]) showed
that this emission was produced by doubly ionized oxygen (O2+) at extremely low
densities. An historical review on the early steps of the study of the physics of gaseous
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2 Jorge García-Rojas
nebulae was provided by Donald E. Osterbrock ([4]) who used a seminal paper by
Bowen ([5]) as the starting point for a review of nebular astrophysics.
Photoionized nebulae are excited by the strong ultraviolet (UV) radiation of hot
stars (Te f f ≥ 25 − 30kK) which produce photons with energy that could be above
the ionization threshold of the gas particles and hence, ionize them releasing a
free electron. The probability of occurrence of this phenomenon depends on the
photoionization cross-section which, in turn, depends on the energy of the photon
and the target being considered. Once ionized, the gas particles tend to recombine
with the free electrons, and eventually an equilibrium stage is established in which
the rate of ionization equals the rate of recombination for each species (see [6]).
The optical spectra of photoionized nebulae are dominated by emission lines,
which are formed when atoms or ions make a transition from one bound electronic
state to another bound state at a lower energy via spontaneous emission. These bound
electrons can be excited either by free electrons colliding with the atom/ion, or by
absorption of a photon. However, the background radiation field in the interstellar
medium in generally not strong enough for excitation by photon absorption to be
significant (see chapter 5 of [7]) and therefore, the only way of having a bound
electron in an excited state is by collisional excitation from a lower state, which
subsequent radiative decays to lower levels originating the collisionally excited lines
(hereinafter CELs), or owing to a recombination between a free electron and an ion,
which is the mechanism behind the emission of recombination lines (hereinafter
RLs). Given that the abundance of H and He ions are several orders of magnitude
higher than that of heavier elements, one can instinctively assume that the emission
spectra will be dominated by H and He lines, which is not the case. In photoionized
nebulae the peak of the energy distribution of free electrons is of the order of 1 eV.
Ions of heavy atoms like N, O, Ne, S, Cl, Ar, etc. have electronic structures with
low-lying electronic states in the range of fractions to few eV from the ground state
and can therefore be effectively excited by collisions. On the other hand, for H and
He ions, the gap between the ground state and the first excited state is very large
and cannot be excited by collisions, but by recombination. Fig. 1 shows a typical
optical spectrum of a photoionized nebulae (in this case the planetary nebula Hb 4);
remarkably bright H and He RLs and CELs of different ionic species of N, O, Ne,
S, Cl and Ar are labelled.
Therefore, the spectrum of a photoionized nebula is dominated by the emission
of RLs of H and He (the most abundant elements) and CELs of heavier elements.
The combination of narrow-band images taken in the brightest emission lines allows
to construct the beautiful coloured images of photoionized nebulae (see Fig. 2) from
which we can have a first sketch of the ionization structure of the photoionized
region. In Fig. 2 we show a 3 narrow-band filter combined image of a star-forming
region in the Large Magellanic Cloud where is clear that the emission of [O iii] is
more internally located than the emission from [S ii].
Although the emission line spectra from H ii regions and planetary nebulae
(hereinafter, PNe) are roughly similar, there are some remarkable differences between
them. H ii regions are large (tens of parsecs), massive (generally between 102 − 103
M) regions of gas that are ionized by the ultraviolet (UV) radiation emitted by
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Fig. 1 Section of the very deep spectrum of the PN Hb 4 analysed in [8, 9] showing bright RLs of
H i and He i and CELs of different ions of O, N, S and Ne.
recently formed OB-type massive stars with typical effective temperatures between
25-50 kK; in general, these stars are not hot enough to ionize nebular He ii, whose
ionization potential is hν = 54.4 eV. However, there are exceptions to this rule,
especially in the integrated spectra of blue compact dwarf galaxies (BCDs), Wolf-
Rayet (WR) galaxies and a couple of nebulae in the Local Group, associated to WR
stars. On the other hand, PNe are much smaller (10−1 pc) and less massive (∼10−1
M) nebulae that are excited by central stars which are generally hotter (central
stars can reach temperatures as high as 250 kK); therefore, there will be ionizing
photons with enough energy to ionize high-excitation species and hence, producing
qualitatively different spectra than that of H ii regions, showing emission lines of
He ii, [Ne v], [Ar v], [Fe v], and even more excited species.
1.1 Why are abundances in photoionized nebulae important in
astrophysics?
The analysis of emission line spectra of photoionized nebulae allows us to determine
the chemical composition of the interstellar medium (ISM) from the solar neigh-
bourhood to the high redshift star-forming galaxies. It stands as an essential tool for
our knowledge of stellar nucleosynthesis and the cosmic chemical evolution. Since
the early achievements in spectrophotometry of photoionized nebulae, the quality of
deep optical and near-infrared spectrophotometric data of PNe has increased signif-
icantly mainly thanks to both the development of more efficient instruments and to
the advent of large aperture (8m-10m-class) ground-based telescopes. In this sense,
4 Jorge García-Rojas
Fig. 2 “Bubbles of Brand New Stars” Composite image of a star-forming region in the Large
Magellanic Cloud (LMC) captured by the Multi Unit Spectroscopic Explorer (MUSE) instrument
onESO’sVeryLargeTelescope (VLT). The following colour codewas used: [O iii]λ5007 (blue).Hα
(yellow), [S ii] λ6731 (red). The field-of-view of the image is 7.82 × 8.00 arcminutes2. North is
180.2deg left of vertical. Credit: ESO, A. McLeod et al.
the future installation of giant-class ones (diameters 30-50m) opens new horizons
in the field of nebular spectroscopy. The detection of very faint emission lines in
ionized nebulae as auroral CELs in faint, distant or high-metallicity objects; optical
recombination lines (hereinafter, ORLs) of heavy-element ions or CELs of trans-iron
neutron-capture elements are becoming a routine fact and provide new information
of paramount interest in many different areas of astrophysics.
H ii regions can be observed at considerable distances in the Universe and hence,
are crucial to determine the chemical composition of the interestellar medium (ISM)
in the extragalactic domain. Since H ii regions lie where star formation is occurring,
chemical abundances computed in H ii regions are probes to trace the present-
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day chemical composition of the ISM. In particular, the study of radial variations
of chemical abundances along galactic discs in spiral galaxies are essential obser-
vational constraints for chemical evolution models, and precise determinations of
chemical abundances in low-metallicity dwarf galaxies, can permit to determine the
primordial abundance of helium owing to Big Bang nucleosynthesis (see [10] and
references therein). The global picture of abundances in PNe is more complicated
because for elements that are supposed to be not modified, such as O and α-elements,
the computed abundances reflect the chemical conditions in the cloud where the pro-
genitor star was formed, while the chemical abundances of N, C, or neutron-capture
elements, that could be modified during the cycle of life of low-to-intermediate mass
stars allow us to constrain the nucleosynthetic processes in these stars.
1.2 Recent reviews on chemical abundance determinations
Recently, two tutorials focused on the determination of ionized gaseous nebulae
abundances have been released ([10] and [11]) although with different points of
view. In the former, [10] give a brief review on the physics basics of abundance
determinations, like local ionization and local thermal equilibrium, emission line
mechanisms and on the calculation of physical conditions and ionic and elemental
abundance determinations fromobservations; these authors also review recent results
in abundance determinations in both H ii regions and PNe. However the review is
quite focused to the abundance discrepancy problem from the point of view of
temperature fluctuations (see Section 4.5). In [11], the focus is on the determination
of abundances in extragalactic H ii regions from the direct method (when electron
temperature, Te, and electron density, ne, diagnostic lines are available) and in the
use of some strong-line methods calibrated using the direct method (see Section 3.2).
Further comprehensive tutorials on abundance determinations are those by [12]
and [13] where the theoretical background of photoionized nebulae is treated in
more detail, and particular emphasis is given to the description of line formation
mechanisms, transfer of radiation, as well as to the use of empirical diagnostics
based on emission lines and determination of chemical abundances using photoion-
ization models. It is not the scope of this chapter to repeat the basic concepts of
the physics of photoionized nebulae, which have been described in different detail
in the aforementioned tutorials. Moreover, for a much more detailed description of
such processes, we refer the reader to the canonical book of photoionized nebulae:
“Astrophysics of gaseous nebulae and active Galactic nuclei” ([6]).
In the following sections I will focus on recent advances in chemical abundances
determinations in photoionized nebulae from the analysis of deep optical and near-
infrared spectra, from an observational point of view. Due to space limitations, I
refer the reader to [12, 13] for an overview on abundance determinations based
on photoionization model fitting. Similarly, the strong line methods to determine
abundances in the extragalactic domain (from giant H ii regions to high-redshift
galaxies) will be only briefly discussed in Section 3.2.
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2 Observational spectroscopic data: the first step to obtain
reliable abundances.
In the last years, the number of deep high-quality spectra of photoionized nebulae has
increased significantly, allowing the detection of very faint emission lines (see e. g.
[14, 15, 16, 17, 18, 19, 20, 8, 21, 22, 23]) and the computation of, in principle, very
reliable chemical abundances. The advantages of obtaining deep and high resolution
spectra of photoionized regions are clear because one can easily isolate faint lines that
in lower resolution spectra would be blended and go unnoticed. As an illustration, in
Fig. 3 we show an excerpt of the spectrum of the high-excitation PN H1-50 analysed
in [24] with the same spectrum downgraded to a lower resolution overplotted in
red. Several permitted lines of O, N, and C would have remained hidden in the low-
resolution spectra and ad-hoc atomic physics would have been needed to estimate
their fluxes. In the last years, several groups have provided a large sample of deep,
high-resolution spectra of both Galactic and extragalactic H ii regions and PNe (see
e. g. [25, 26, 24] and the compilation made by [27]).
Fig. 3 Portion of a high-resolution (R∼15000) spectra of the high-excitation PN H1-50 showing
the zone where the multiplet 1 O ii lines lie. Overplotted in red is the same spectra degraded to a
resolution of R∼3500. As it can be shown the high-resolution of the original spectra allows one
to deblend several very close permitted emission lines of C, O, and N that would have remained
hidden in the low-resolution spectra. Data originally published in [24].
However, deep, high signal-to-noise, high-resolution spectra are not the panacea.
[28] has recently shown that the effects of observational uncertainties can be very
important even making use of high quality spectra, owing to the high number of
sources of uncertainty that are acting in the process, which include: assumptions in
the nebular structure, atomic data (see section 4.1), atmospheric differential refrac-
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tion, telluric absorption and emission, flux calibration, extinction correction, blends
with unknown lines, etc. Therefore, a careful data reduction procedure should be
carried out to obtain reliable results. Additionally, an homogeneous analysis deter-
mining physical conditions and chemical abundances from the same set of spectra is
mandatory if one want to compute precise abundances. For instance, many studies
devoted to study the radial abundance gradients havemade use of physical conditions
derived from radio recombination lines combined with and optical or infrared lines
to compute abundances; these approach has been used in several seminal papers on
the Galactic abundance gradient (see section 4.4; however, it can introduce system-
atic uncertainties owing to the different areas of the nebula covered in the different
wavelength ranges. Additionally, we should use a set of appropriate lines to com-
pute the abundances; as an example, computing O+/H+ ratios from the trans-auroral
[O ii] λλ7320+30 lines could introduce undesired uncertainties because these lines
could be strongly affected by telluric emission, and are also very sensitive to electron
density and temperature. To illustrate these effects, in Fig. 4 we show an adaptation
of Fig. 5 of [29] where the radial oxygen abundance gradient making a consistent
analysis of several data sets is presented. Physical conditions have been derived from
both radio and optical diagnostics, and abundances have been derived using optical
CELs of oxygen (blue points) or far-IR fine-structure CELs of oxygen (red points).
As can be seen, both data sets show significant scatter in the oxygen abundance at
a given Galactocentric distance, which can be interpreted as an “intrinsic scatter”
owing to the gas not being well mixed ([30, 29, 31]). However, high-quality obser-
vations seem to rule out this interpretation. In Fig. 4 the abundances computed by
[32] from an homogeneous analysis of optical spectrophotometric data of 35 H ii
regions with direct determinations of the electron temperature have been overplotted
on the [29] sample. As it is clearly shown, the scatter in the oxygen abundance is
reduced significantly and is not substantially larger than the observational uncertain-
ties, indicating that oxygen seems to be well mixed in the ISM at a given distance
along the Galactic disc. Moreover, [33] showed from the analysis of high-quality
spectra with high signal-to-noise auroral [O iii] line detections in H ii regions in the
inner parts of M33, a much lower scatter than that found by [31]; this author also
found no evidence for significant azimuthal variations in the H ii region metallicity
distributions, ruling out large anomalies in the mixing of the gas.
Finally, one has to take into account some biases that the direct method can have.
[34] discussed about the limitations of the direct method to determine O abundances
in giant H ii regions at metallicities larger than solar. This author used ab-initio
photoionization models of giant H ii regions, and applied to the models the same
methods as used for real objects to test the direct method. The global result of this
study was that for log(O/H)+12 larger than 8.7 (i.e. larger than the solar value), the
computed O/H values were below the ones implied by the photoionization models
owing to strong temperature gradients present in giant H ii regions. Finally, [34]
propose that PNe, which are not affected by these biases, could be potential probes
of the metallicity of the interstellar medium in the internal parts of spiral galaxies as
well as in metal-rich elliptical galaxies. However, in Section 4.3 we will discuss that
this idea should be taken with some caution.
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Fig. 4 Radial oxygen abundance gradient in the MW using abundances derived from optical lines
(blue points) or from far-IR lines (red points) compiled by [29]. The data from [32] obtained through
deep spectra taken in 8m-10m class telescopes are overplotted (black squares). The fits for each
set of data are represented by lines with the same colour than the data points. References of the
original data compiled by [29] are shown in the legend.
3 Determination of physical conditions and ionic abundances
3.1 The direct method
The most popular way to compute the chemical abundances of the elements that are
present in a photoionized gas is the so-called direct method. This method makes use
of CELs intensities of different ionic species of elements like N, O, S, Ne, Cl, Ar, Ne,
Fe, etc., and involves the determination of the physical conditions (temperature and
electron density) in the emitting plasma. In the conditions prevailing in photoionized
nebulae like H ii regions and PNe, most of the observed emission lines are optically
thin1 with the exception of some resonance UV lines and some fine-structure IR
lines (see [12]) making their use for abundance determinations very robust.
1 An emission line is said to be optically thick if on average a photon emitted cannot pass through
the ISM without absorption. Conversely, an emission line is said to be optically thin if we can see
the radiation coming from behind the nebula (i. e. it is not absorbed).
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In the analysis of photoionized nebulae it is usually assumed that the physical
conditions are homogeneous in the photoionized region. Under these assumptions
one can compute electron temperature and density by using sensitive line ratios.
Electron temperature (Te) and density (ne) in nebulae are represented by the kinetic
energy and density of the free electrons in the photoionized gas. Some CEL intensity
ratios of ions of common elements like O, N, S or Ar depend on the physical con-
ditions of the gas, and are useful to calculate Te and ne (see Section 3.5 of [10] for
more details). In particular, the intensity ratios of emission lines of a given ion that
originates in very different energy levels, are sensitive to Te and almost independent
on ne, since the populations of the different atomic levels are strongly dependent
on the kinetic energy of the colliding free electrons. Typical optical electron tem-
perature diagnostics are: [N ii] λ5754/λ6583, [O ii] λλ7320+30/λλ3726+29, [O iii]
λ4363/λ5007, [Ar iii] λ5191/λ7531 or [S iii] λ6312/λ9531. Therefore, determina-
tion of chemical abundances making use of the direct method in optical spectra
requires the detection of faint auroral lines, which correspond to transitions from the
state 1S to 1D and are veryTe-sensitive. The detection of such lines is a relatively easy
task in Galactic H ii regions and PNe. However, their emissivity decreases rapidly
with metallicity and with decreasing surface brightness of the objects so, detecting
them is a challenging task in the extragalactic domain, especially in objects beyond
the Local Group. However, the combination of high-sensitivity spectrographs with
large aperture (10m type) telescopes have allowed the detection of the auroral [O iii]
λ4363 Å line in at least 18 star-forming galaxies at z > 1 (see [35] and references
therein).
On the other hand, line ratios sensitive to ne come from levels with very similar
energy, so that the ratio of their populations does not depend on Te. These levels
show different transition probabilities or different collisionally de-excitation rates,
such that the ratio between the emission lines generated is strongly dependent on the
electron density of the photoionized gas. Typical optical density diagnostics are: [O ii]
λ3726/λ3729, [S ii] λ6716/λ6731, [Cl iii] λ5517/λ5537 and [Ar iv λ4711/λ4741.
A precise determination of the physical conditions is crucial to derive reliable
abundances from CELs. As the abundances are computed relative to H by using
the relative intensities of CELs or ORLs relative to a H i ORL (usually Hβ), and
given the very different dependence of the emissivity of CELs and ORLs (see [10])
the abundances from CELs show a strong (exponential) dependence on Te, while
abundances computed from faint metallic ORLs are almost Te dependent. This
has important implications for the so-called abundance discrepancy problem (see
Section 4.5).
Once physical conditions are computed one has to decide the temperature and
density structure that is going to be assumed in the nebula. The most common
approach, is to assume a two-zone scheme, where the high ionization zone is char-
acterized by Te(high) (usually Te([O iii]), the low-ionization zone is characterized
by Te(low) (usually Te([N ii]) and the density is considered homogeneous in the
whole nebula and is characterized by ne([S ii]). Then, each temperature is applied
to compute ionic abundances of species with similar ionization potentials than the
ion used in the Te diagnostic. In a typical spectra, Te(low) is applied to compute
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abundances of N+, O+, S+, Cl+ and Fe+, while Te(high) is used for the remaining
ionic species observed in the optical spectra.
However, recent results from [36] have shown that this scheme can be erroneous.
These authors, from deep, high-resolution spectra of H ii regions in the Magellanic
Clouds, have proposed that for some ions, it is better to adopt other scheme in order to
avoid trends with metallicity. In particular, they propose to use Te([N ii]) to calculate
Cl2+ and the mean of Te([N ii]) and Te([O iii]) for S2+ and Ar2+, finding that, in such
cases, Cl/O, S/O and Ar/O are approximately constant with metallicity (see their
Fig. 3) as expected for α-elements.
In deep spectra, covering the whole optical (or even up to 1µm) wavelength range
more electron temperature and density diagnostics will be available. In such cases,
Te(low) and Te(high) can be computed as the average of the values obtained from
different diagnostics, which are generally in reasonable good agreement within the
uncertainties (see e. g. [15, 37, 19]). In some cases, particularly in relatively high-
density PNe (ne > 104cm−3), density stratification can be observed, with the [Ar iv]
densities being larger than those computedwith the other three diagnostics (see [38]).
In such cases it is better to consider also a two-zone density model (see [9]). In some
extreme cases of extremely young and dense PNe, with densities higher than the
critical densities of the upper levels of the transitions producing the [Ar iv] lines, all
the classical electron density diagnostics will be saturated and can provide inaccurate
densities. An alternative density indicator is based on the analysis of [Fe iii] emission
lines, which are robust density diagnostics when collisional de-excitation dominates
over collisional excitation. Indeed, if inappropriate density diagnostics are used, then
physical conditions deduced from commonly used line ratios will be in error, leading
to unreliable chemical abundances for these objects. (see [39]).
3.1.1 Analysis tools
The first public code for the computation of physical conditions and ionic abundances
was fivel [40], an interactive FORTRAN programwhich used a basic five-level atom
approximation, which considers that only the five low-lying levels (i. e. at energies
≤5 eV above the ground state are physically relevant for computing the observed
emission line spectrum. Later, [41] developed nebular, a set of software tools
(based in the fivel program, but extending it to an N-level atom) in the iraf/stsdas2
environment that allow the user to compute diagnostic for a variety of ground-state
electron configurations, and compute ionic abundances separately for up to 3 zones
of ionization. The main advantage of nebular is that it can be scripted. However,
changes of atomic data sets is not trivial and computations of elemental abundances
are not included.
2 iraf is distributed by National Optical Astronomy Observatories, which is operated by AURA
(Association of Universities for Research in Astronomy), under cooperative agreement with NSF
(National Science Foundation).
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([42]) developed the Nebular Empirical Analysis Tool (neat3), a very simple to
use code written in FORTRAN90 which requires little or no user input to return
robust results, trying to provide abundance determinations as objective as possible.
One of the main advantages of this code is that it can evaluate uncertainties of the
computed physical conditions and abundances by using a Monte Carlo approach.
Another advantage of this code is that it also accounts for the effect of upward
biasing on measurements of lines with low signal-to-noise ratios, allowing to reduce
uncertainties of abundance determinations based on these lines. Finally, as atomic
data for heavier elements than helium are stored externally in plain text files, the user
can easily change the atomic data.
The last package to be offered in the field has been PyNeb4 ([43]) which is
completely written in python and is designed to be easily scripted, and is more
flexible and therefore, powerful than its predecessors. This package allow the user to
easily change and update atomic data as well as providing tools to plot and compare
atomic data from different publications.
3.2 Abundances in distant photoionized nebulae: the strong line
methods
In the absence of reliable plasma diagnostics (a common fact in extragalactic objects)
in giant H ii regions or integrated spectra of galaxies, one needs to use alternative
methods to derive accurate chemical abundances. This is especially important to
estimate the metallicities of giant extragalactic H ii regions as well as of local and
high-redshift emission-line galaxies and hence, it has a relevant influence on the
study of the chemical evolution of the Universe.
The first mention of the strong-line methods was 40 years ago, when [44] and
[45] proposed a method to compute the oxygen abundance using strong lines only:
the R23 method, in which oxygen abundance is a one dimensional function of the
R23 parameter, defined as:
R23 =
[OII]λ3727 + [OIII]λ4959 + 5007
Hβ
(1)
This method was calibrated using the few relevant photoionization models avail-
able at that time. The problem with dealing with R23 is that it is double valued with
respect to metallicity. In fact, at low oxygen abundances –12+log(O/H) . 8.0– the
R23 index increases with the abundance, while for high oxygen abundances –12 +
log(O/H) ≥ 8.25– the efficiency of the cooling caused by metals make R23 to drop
with rising abundance. There is also a transition zone between 8.0 and 8.25 (see e. g.
[46] for a detailed description of the high and lowmetallicity branches). This method
has been refined multiple times since then and several calibrations, using data sets
3 https://www.nebulousresearch.org/codes/neat/
4 https://github.com/Morisset/PyNeb_devel
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with abundances from the direct method (e. g. [46, 47]), using photoionizationmodel
grids (e. g. [48, 49]), or a combination of both, are now available in the literature.
An overview of the most popular calibrations of strong-line methods can be found in
[50]. A comprehensive critical evaluation of the different semi-empirical strong-line
methods has been done by [51] who also develop a method for reducing systematics
in the techniques to compute chemical abundances by using electron temperatures
and ionization correction factors.
In the last years, mainly thanks to the increasingly easy access to super-computing
resources, new approaches have been proposed. Bayesian methods have been used
by several authors to determine chemical abundances in extragalactic targets (e. g.
[52]) although the priors should be selected cautiously to avoid unreliable results.
On the other hand, as in most of astronomy fields, machine learning techniques are
also being used to infer chemical abundances (see e. g. [53]). However, as has been
pointed out by [54], making use of an illustrative example, the use of these techniques
ignoring the underlying physics can lead to unphysical inferences.
[54] have argued in a comprehensive review that although strong-line methods
are routinely used to estimate metallicities owing to their apparent simplicity, the
users need to have a solid background on the physics of H ii regions to understand the
approximationsmade on the different approaches, and the limitations each calibration
has, to avoid biases, misinterpretations and mistakes.
Even taking into account the drawbacks mentioned above, strong-line methods
have been widely used for studying giant H ii regions and emission line galaxies in
large long-slit spectroscopic surveys as the Sloan Digital Sky Survey (SDSS) [55],
or 2D spectroscopic surveys as MANGA (e. g. [56, 57]), CALIFA (e. g. [58]), and
AMUSING (e. g. [59]).
4 Advances in abundances determinations in photoionized
nebulae
In this section I will focus on the latest advances that have been reached in the field
of photoionized nebulae. I will pay special attention to atomic data, ionization cor-
rection factors and the abundance discrepancy problem, that have been traditionally
claimed as potential sources of uncertainty in chemical abundance determinations.
4.1 Atomic data
The atomic data used for computing abundances in photoionized nebulae are ususally
considered as a black box by the users. Most users consider the default atomic data
sets used by their favourite analysis tools or directly use the last available atomic
data in the literature for each ion. In the last years large compilations of atomic data
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have been done in the chianti5 and nist6 databases, although the available atomic
data in each database do not always match for a given ion. [60, 61] discussed how to
ensure that atomic data are correctly understood and used, as well as on the typical
uncertainties in atomic data.
High-quality observations of photoionized nebulae are a powerful tool to check
the reliability of atomic data. [62] and [38] found, using a large data set of PNe
spectra and comparing electron density estimates for PNe based on different density
diagnostics, that the [O ii] transition probabilities calculated by [63] yielded system-
atically lower electron densities than those computed using the [S ii] diagnostic, and
that such discrepancies were caused by errors in the computed transition probabili-
ties. Moreover, [38] found that the transition probabilities of [64] and the collision
strengths of [65] were completely inconsistent with observations at the high and low
density limits, respectively, and should be ruled out.
[66] determined chemical abundances of O, N, S, Ne, Cl and Ar for a sample of
PNe and H ii regions and evaluated the impact of using different sets of atomic data
on the computed physical conditions and abundances. These authors used all the
possible combinations of 52 different sets of transition probabilities and collision
strengths to calculate physical conditions and chemical abundances, finding that
different combinations of atomic data introduce differences in the derived abundances
that can reach or surpass 0.6-0.8 dex at higher densities (ne > 10−4 cm−3 in several
abundance ratios like O/H and N/O. Removing the data sets that introduce the largest
differences can reduce the total uncertainties, although they can still remain in high-
density objects. Additionally, they have pointed out that special attention should be
paid to the transition probabilities of the S+, O+, Cl++ and Ar3+ density diagnostic
lines, and to the collision strengths of Ar3+ which, if incorrectly selected, can lead
to unreliable chemical abundances in high-density nebulae.
Finally, [54] has pointed out that the role of atomic data in strong-line method
calibrations cannot be ignored. Recent changes in routinely used atomic data have
revealed that they play a crucial role in direct abundance determinations and in
photoionization models.
4.2 Ionization correction factors
The elemental abundance of a particular element is computed by adding up the ionic
abundances of all the ions present in a nebula. However, it is usually found that
not all the ions of a given element are observed, whether because they are emitted
in a different spectral range than that observed or because the spectra is not deep
enough to detect them. Therefore, the contribution of these unobserved ions should
be estimated in someway. With this aim, the use of Ionization Correction Factors
(ICFs) was proposed by [67]. These authors proposed to use similarities between
5 http://www.chiantidatabase.org
6 http://physics.nist.gov
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ionization potentials of different ions to construct ICFs. This approach has been used
by several authors since then (see e. g. [68]). However, [12] argued that these ICFs
should be treated with caution because the ionization structure in a photoionized
nebula does not depend only on the ionization potential. Moreover, it has been
shown that using recent photoionization models, these simple expressions are not
always valid and new ICFs are needed to obtain more reliable abundances (see e. g.
[69])
The alternative is to compute ICFs using photoionization models, where the
physics involved in ionized nebulae is treated with much more detail. Photoioniza-
tionmodels allow to compute the detailed ionization structure of the various elements
present in a nebula, by taking into account all the processes that govern ionization
and recombination (i.e. mostly photoionization, radiative and di-electronic recom-
bination, and charge exchange), as well as all the heating and cooling processes that
determine the electron temperature ([70]).
Traditionally, different ICFs have been computed for H ii regions and PNe, given
the differences in the hardness of the radiation field and the different ionic species
detected in each type of object (see Section 1). Several authors have derived ICFs
from photoionization models for H ii regions ([71, 72, 73, 74, 75, 76, 77]) and for
PNe ([78, 79, 70]). It is not the scope of this text to show the details of the different
approaches used to compute ICFs from photoionization models, but I think it is
worth mentioning some of the most widely used ICF schemes. [75] re-evaluated
empirical expressions for the abundance determination of N, O, Ne, S, Cl, Ar and
Fe to compute abundances of emission-line galaxies from the Data Release 3 of the
Sloan Digital Sky Survey (SDSS). They took special care in the selection of atomic
data and constructed an appropriate grid of photoionization models with state-of-
the art model atmospheres. In particular, these authors take care of a problem that
should not be ignored in the computation of photoionization models, which is the
uncertain rate of the dielectronic recombination for sulfur, chlorine and argon ions.
They compared the abundances of these elements calculated with different assumed
dielectronic recombination rates and could put some constraints on these rates.
Additionally, following an approach that was defined by [80] these authors proposed
different ICFs depending on the metallicity range of the nebulae. Regarding PNe,
[70] constructed ICFs for He, N, O, C, Ne, S, Cl, and Ar using a large grid of
photoionization models that are representative of most of the observed PNe. Besides
the obvious advantage of covering a wide range of physical parameters with a large
photoionization model grid, the main advantage of this work is the provision of
analytical expressions to estimate the uncertainties arising from their computed
ICFs.
Finally, a third scheme to compute ICFs is to derive analytical expressions ob-
tained from observational fittings to large sets of high-quality data (see e. g. [81] for
Cl, and [82] for C).
In section 4.7.2 I will come back to the ICFs mentioning some works devoted to
the computation of ICFs for neutron-capture elements in PNe.
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4.3 Oxygen enrichment in PNe
Oxygen is the element for which more reliable abundances can be obtained and,
therefore, it has been traditionally used as a proxy for metallicity. In H ii regions,
oxygen reflects the current abundance in the ISM, while in PNe, it is supposed to
reflect the chemical composition of the environment where the star was born because
its abundance remain unchanged during the life of the star ([83]). However, AGB
stars can modify the oxygen abundance by two mechanisms: the third dredge-up
(TDU) and the hot bottom burning (HBB), although only nucleosynthesis models
which include extra-mixing processes like diffusive convective overshooting (e. g.
[84, 85, 86]) predict a significant production of oxygen.
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Fig. 5 Values of O/Cl as a function of O/H for a sample of Galactic PNe and H ii regions (see [83]).
The red circles represent PNe with oxygen-rich dust, the green diamonds PNe with carbon-rich
dust, and the blue stars the H ii regions. The protosolar abundances of [87] are overplotted with the
solar symbol. Plot made with data gently provided by Gloria Delgado-Inglada.
Until recently, the only observational probes of oxygen production in AGB stars
have been restricted to low-metallicity PNe (see e. g. [88]). However, using deep,
high-quality optical spectra (with spectral resolution better than 1Å) [83] recomputed
accurate abundances of He, O, N, Ne, C, Ar, and Cl in 20 PNe and 7 H ii regions
in our Galaxy at near-solar metallicities. These authors found that all but one of the
Galactic PNe with C-rich dust (the one with the highest metallicity according to
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Cl/H) show higher O/Cl values than the PNe with O-rich dust and the H ii regions
(see Fig. 5), and interpret that result as O is enriched in C-rich PNe due to an efficient
third dredge-up in their progenitor stars. These results have been confirmed later by
nucleosynthesis models including convective overshooting by [85, 89].
These findings confirm that oxygen is not always a good proxy of the original ISM
metallicity and other chemical elements such as chlorine or argon, the abundance of
which is unaltered in the evolution of low- and intermediate-mass stars, should be
used instead. Additionally, as has been pointed out by [89], the production of oxygen
by low-mass stars should be thus considered in galactic-evolution models.
4.4 Abundance gradients in the Milky Way and in nearby spiral
galaxies from direct abundance determinations
The study of the radial distribution of the gas phase metallicity in a Galaxy (usually
using oxygen as a proxy for the metallicity) is fundamental for our understanding
of the evolution of Galaxies. The pioneering studies on the gradient of abundances
in spiral galaxies were those of [90] and [91], which were based on the spectral
differences found by [92] between the H ii regions in the spiral galaxy M33. [93]
were the first in carrying out an homogeneous study of abundance gradients in the
Milky Way (hereinafter, MW) with a relatively large sample of H ii regions. How-
ever, these authors rely on electron temperatures determined from radio RLs and
abundances from optical lines, obtaining a relatively large scatter at a given Galacto-
centric distance. Since these pioneering works, several authors have computed radial
abundance gradients using the direct method in our Galaxy (e. g. [94, 95, 29, 96, 97])
and in external galaxies (see e. g. [98, 99, 100, 101, 25] and references therein).
Regarding the MW, the relatively large scatter at a given Galactocentric distance
found in several works has been claimed as a possible indication that the gas is
not as well mixed as commonly thought (see e. g. [29]). Moreover, [102] found
significant differences in the radial gradient of O in the MW depending on the
Galactic azimuth region considered, strengthening the idea that metals are not well
mixed at a given radius. However, [32] made an homogeneous analysis using a set of
deep optical spectra of 35 H ii regions, from which they computed accurate physical
conditions and ionic and elemental abundances, finding that the scatter of the N
and O abundances of H ii regions is of the order of the observational uncertainties,
indicating that both chemical elements seem to be well mixed in the ISM at a given
Galactocentric distance (see the comparison between radial O abundance from this
work and that of [29] in Fig. 5).
In the extragalactic domain, it is worth mentioning the existence of the CHemical
Abundances of Spirals (CHAOS) project, which is devoted to surveying several
spiral galaxies to determine precise “direct” abundances in large samples of H ii
regions in spiral galaxies (see [101, 100, 103]). This project has increased by more
than an order of magnitude the number of H ii regions with direct measurements of
the chemical abundances in nearby disk galaxies (see [101]).
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There are many open problems with the abundance gradients of the MW and
nearby spiral Galaxies such as a possible temporal evolution ([104, 105]) based on
the differences found in the gradients using different populations of PNe and H ii
regions; the existence or not of a flattening of the gradient in the outer disc of spiral
galaxies, including the MW ([106, 96, 59]) or in the inner disc ([96, 59]); distance
determinations uncertainties, particularly for PNe (see [105]) or, as mentioned in
section 4.3, the applicability of oxygen as a reliable element to trace the metallicity
in PNe ([83]). Some of the limitations that, in my opinion should be taken into
account have been summarized in [107].
The determination of precise radial metallicity gradients are precious constraints
for chemical evolution models of the MW in particular and of spiral galaxies in
general. The presence of a negative gradient agrees with the the stellar mass growth
of galaxies being inside-out (see e. g. [108]). However, additional information, such
as the possible temporal evolution of the gradients (see e. g. [104, 105]) can give
information about physical processes that can modify gradients, and that should be
considered by chemical evolution models (see discussion by [105] and references
therein). As H ii regions reflect the young stellar populations and, on the other
hand PNe, reflect older stellar populations (with a relatively large spread in ages) a
careful comparison between gradients obtained from different objects is very useful
to constrain the temporal evolution of the gradient predicted by chemical evolution
models ([109]).
4.5 The abundance discrepancy problem
The abundance discrepancy problem is one of the major unresolved problems in
nebular astrophysics and it has been around for more than seventy years ([110]). It
consists in the fact that in photoionized nebulae −both H ii regions and PNe− ORLs
provide abundance values that are systematically larger than those obtained using
CELs. Solving this problem has obvious implications for the measurement of the
chemical content of nearby and distant galaxies, because this task is most often done
using CELs from their ionized ISM.
For a given ion, the abundance discrepancy factor (ADF) is defined as the ratio
between the abundances obtained from ORLs and CELs, i. e.,
ADF(X i+) = (X i+/H+)ORLs/(X i+/H+)CELs, (2)
and is usually between 1.5 and 3, with a mean value of about 2.0 in H ii regions
and the bulk of PNe (see e.g. [111, 27], but in PNe it has a significant tail extending
to much larger values, up to 2–3 orders of magnitude7. It is important to remark
that the ADF is most easily determined for O2+ owing to both CELs and RLs are
straightforward to detect in the optical. ADFs can be also determined for other ions,
7 An updated record of the distribution of values of the ADF in both H ii regions and PNe can be
found in Roger Wesson’s webpage: http://nebulousresearch.org/adfs
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such as C2+, N2+, and Ne2+, although the obtained values are more uncertain because
CELs and RLs are detected in different wavelength ranges (in the case of C2+ and
N2+) or because RLs are intrinsically very faint (in the case of Ne2+).
The possible origin of this discrepancy has been discussed for many years and
three main scenarios have been proposed:
• [112] was the first proposing the presence of temperature fluctuations in the gas to
explain the discrepancy between Te([O iii]) and Te(H I) derived from the Balmer
jump. After that seminal work, [67] developed a scheme to correct the abundances
computed from CELs for the presence of temperature inhomogeneities. Later,
[113] suggested that the discrepancy between ORLs and CELs abundances could
be explained if spatial temperature variations over the observed volume were
considered. [10] have recently summarized the mechanisms proposed to explain
and maintain the presence of temperature fluctuations in photoionized nebulae.
• [114] were the first in proposing the existence of chemical inhomogeneities in
the gas as a plausible mechanism to explain the abundance discrepancy. This
scenario was later expanded by [14], who claimed that metal-rich (i. e. H-poor)
inclusions could be the clue to resolve the abundance discrepancy problem; in this
scenario, metal ORLs would be emitted in the metal-rich inclusions, where cool-
ing has been enhanced, while CELs would be emitted in the “normal” metallicity
(H-rich) zones. This model was tested by several authors by constructing two-
phase photoionization models that, in several cases, successfully simultaneously
reproduced the ORLs and CELs emissions in H ii regions [115] and PNe [116].
However, at the present time, the origin of such metal-rich inclusions remains
elusive, although some scenarios have been proposed for PNe ([117]) and H ii
regions ([118]). In the last years, increasing evidence has been found of a link
between the presence of a close central binary star at the heart of PNe and very
high (>10) ADFs (see Section 4.5.1).
• A third scenario was brought into play by [119], who proposed that the departure
of the free electron energy distribution from the Maxwellian distribution (κ-
distribution) could explain the abundance discrepancies owing to the presence
of a long tail of supra-thermal electrons that contribute to an increase in the
intensity of the CELs at a given value of the kinetic temperature. However, in the
last years little theoretical ([120, 121, 122]) or observational ([123]) support has
been presented for this scenario in photoionized nebulae. [121] have shown that
the heating or cooling timescales are much longer than the timescale needed to
thermalize supra-thermal electrons because they can only travel over distances that
are much shorter than the distances over which heating rates change, implying
that the electron velocity distribution will be close to a Maxwellian one long
before the supra-thermal electrons can affect the emission of CELs and RLs.
Moreover, [122] demonstrated analytically that the electron energy distribution
relaxes rapidly to a steady-state distribution that is very close to a Maxwellian,
having negligible effects on line ratios.
One of the most active groups in the study of the abundance discrepancy in PNe
in the last two decades has been the University College London/U. Beijing group,
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who have developed deep medium-resolution spectrophotometry of dozens of PNe
to compute the physical and chemical properties of these objects from ORLs. In
one of the most detailed and comprehensive studies of this group, [124] showed
that the values of the ADF deduced for the four most abundant second-row heavy
elements (C, N, O and Ne) are comparable (see their Fig. 18). However, they also
computed abundances from ORLs from a third-row element (Mg) and they found
that no enhancement of ORL abundances relative to CEL ones is obvious for Mg: the
average Mg abundances from ORLs for disk PNe remained in a range compatible to
the solar photospheric value, even taking into account the small depletion expected
for this element onto dust grains (less than 30%). Finally, these authors also showed
that, regardless of the value of the ADF, both CEL andORL abundances yield similar
relative abundance ratios of heavy elements such as C/O, N/O and Ne/O . This has
important implications, especially in the case of the C/O ratio, given the difficulties
of obtaining this ratio from UV CELs (see Sect. 4.6).
Several authors have strongly argued in favour of the inhomogeneous composition
of PNe and against pure temperature fluctuations (see e. g. [125] and references
therein); some of the reasoning that has been presented supporting this model are: i)
far-IR [O iii] CELs, which in principle, have a much lower dependence on electron
temperature than optical CELs, provide abundances that are consistent with those
derived from optical CELs (see e. g. [14]); ii) the analysis of the physical conditions
using H, He, O and N ORLs yields electron temperatures that are much lower than
those computed from classical CEL diagnostic ratios (see [126, 127, 128, 20]);
additionally, ORL density diagnostics provide densities that are higher than those
derived fromCEL diagnostics; iii) chemically homogeneous photoionization models
do not reproduce the required temperature fluctuations to match CEL and ORL
abundances, while bi-abundance photoionization models including an H-poor (i. e.
metal-rich) component of the gas successfully reproduce the observed intensities of
both CELs and ORLs (e. g. [116]). All these arguments strongly favour the presence
of a low-mass component of the gas that is much colder and denser than the “normal”
gas, and that is responsible for the bulk of theORL emission. However, we cannot rule
out the possibility that different physical phenomena can contribute simultaneously
to the abundance discrepancy in PNe.
Some physical phenomena have been proposed to explain the abundance dis-
crepancy in the framework of temperature fluctuations or chemical inhomogeneities
scenarios ([117, 10]). However, until very recently, there was no observational proof
that demonstrated a single physical process to be responsible for the abundance dis-
crepancy. Some recent works on the Orion nebula have observationally linked the
abundance discrepancy to the presence of high velocity flows ([129]) or to the pres-
ence of high density clumps, such as proto-planetary disks ([130, 39]. On the other
hand, [125] found a very extreme value of the ADF for the PN Hf 2–2 (ADF∼70)
and, for the first time, suggested the possibility that this large ADF could be related
to the fact that the central star of the PN, which is a close-binary star, has gone
through a common-envelope phase.
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4.5.1 The link between close binary central stars and large abundance
discrepancy factors
Several papers in recent years have confirmed the hypothesis proposed by [125] that
the largest abundance discrepancies are reached in PNe with close-binary central
stars. [131] found that three PNe with known close-binary central stars showed high
ADFs, with the PN Abell 46, with an ADF(O2+)∼120, and as high as 300 in its inner
regions, being the most extreme object. Their spectroscopic analysis supports the
previous interpretation that, in addition to “standard” hot (Te∼104 K) gas, a colder
(Te∼103 K), metal-rich, ionized component also exists in these nebulae. Both the
origin of the metal-rich component and how the two gas phases are mixed in the
nebulae are basically unknown. Moreover, this dual nature is not predicted by mass-
loss theories. However, it seems clear that the large-ADF phenomena in PNe is linked
to the presence of a close-binary central star. In fact, [23] have recently completed
a survey of the ADFs in seven PNe with known close-binary central stars and they
found ADFs larger than 10 for all of them, confirming the strong link between large
ADFs and close-binary central stars. On the other hand, several spectroscopic studies
have shown that the ORL emitting plasma is generally concentrated in the central
parts of the PNe. This occurs in PNe with known close-binary central stars and
large ADFs (e. g. [131, 132]), in PNe with low-to-moderate ADFs and no indication
of binarity (e. g. [133, 134]) and in PNe with relatively large ADFs but no known
close-binary central star (e. g. M 1–42, see [135]).
[136] recently obtained the first direct image of the PN NGC6778 (a PN with
ADF∼20) inO ii recombination lines, taking advantage of the tunable filters available
at the OSIRIS instrument in the 10.4mGran Telescopio Canarias (GTC). They found
that in NGC 6778, the spatial distribution of the O ii λλ4649+50 ORL emission does
not match that of the [O iii] λ5007 CEL. [135] found the same behaviour in Abell 46
using direct tunable filter images centred at λλ4649+51 Å.
Moreover, [135] presented preliminary results obtained from deep 2D spectro-
scopic observations with MUSE at the 8.2m Very Large Telescope (VLT) of five
southern large-ADF PNe, and they confirmed this behaviour in at least the PNe
Hf 2-2 (ADF∼84), M 1-42 and NGC6778 (both with ADF∼20). In Fig 6 we show
the MUSE emission line maps of several emission lines in the PN NGC6778. The
emission maps are ordered by increasing ionization potential of the parent ion from
left to right and from top to bottom. It is clear that O ii λ4649+50 ORLs emission
is more centrally concentrated that [O iii] λ4959 CEL emission, and seems to be
emitted in a zone that correspond to a higher ionization specie. A similar result has
been found by [137] from a kinematical analysis of several heavy metal ORLs and
CELs in NGC7009. These authors found that the kinematics of ORLs and CELs
were discrepant and incompatible with the ionization structure of the nebula, unless
there is an additional plasma component to the CEL emission that arises from a dif-
ferent volume from that giving rise to the RL emission from the parent ions within
NGC7009. Similarly, [138] found that the kinematics of the C ii λ6578 line is not
what expected if this line arises from the recombination of C2+ ions or the fluores-
cence of C+ ions in ionization equilibrium in a chemically homogeneous nebular
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Fig. 6 MUSE Emission line maps of several lines in the PN NGC6778, ordered by ionization
potential of the parent ion: from left to right and from top to bottm: [O i] λ6300 Å, [S ii] λ6731
Å, Hβ λ4861 Å, [N ii] λ6548 Å, He i λ5876 Å, O ii λλ4649+50 ÅORLs, [O iii] λ4959 ÅCEL,
[Ar iv] λ4740 Åand He ii λ4686 Å. It is worth re-emphasising that the O ii and the [O iii] emission
comes from the same ion: O2+ . The “x” marks a reference spaxel
plasma, but instead its kinematics are those appropriate for a volume more internal
than expected.
These results clearly support the hypothesis of the existence of two separate
plasmas, at least in these large-ADF PNe, with the additional indication that they
are not well mixed, perhaps because they were produced in distinct ejection events
related to the binary nature of the PN central star. [23] propose that a nova-like
outburst from the close-binary central star could be responsible for ejecting H-
deficient material into the nebulae soon after the formation of the main nebula. This
material would be depleted in H, and enhanced in C,N, O, and Ne, but not in third
row elements. It is worth mentioning the similarity of these plasma component with
some well-known old nova shells as CP Pup and DQHer that show lowTe and strong
ORLs ([139, 140]).
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4.6 The C/O ratio from recombination lines
The determination of accurate C/H and C/O ratios in H ii regions is of paramount
importance to constrain chemical evolution models of galaxies ([141]). Furthermore,
C is an important source of opacity in stars and one of the main elements found in
interstellar dust and organic molecules, making it one of the biogenic elements
([142]). Despite its importance, C abundances in H ii regions have been poorly
explored as they are traditionally derived fromUVobservations of the semi-forbidden
C iii] λ1909 and C ii] λ2326 CELs from space ([143, 82]). For PNe the situation
is better, owing to several successful IUE and HST programs that have provided
reliable measurements of these lines in dozens of objects (see e. g. [144, 145, 146,
147, 148] and references therein). However, the determination of reliable fluxes
from these lines is difficult as they are severely affected by interstellar reddening.
Moreover, the emissivities of these lines are also very dependent on the electron
temperature. Finally, aperture effects owing to the different areas covered by UV and
optical observations must be taken into account to guarantee the observation of the
same volume of the nebula in both ranges. Alternatively, scanning techniques have
been used to match UV International Ultraviolet Explorer (IUE) observations and
optical spectroscopy (see e. g. [14, 133]).
The determination of C and O abundances from ORLs skips these difficulties and
takes advantage of the fact that using the same type of lines (CELs or ORLs) the
C/O ratios remain the same in most of the objects were both types of ratio have been
computed ([124, 149]. Thanks to the new CCDs with improved efficiency in the blue
and the use of large telescopes, several high-quality observations of the C ii λ4267
ORL in PNe have been achieved in the last years (e. g. [150, 144, 19, 151, 124, 8,
20, 24].
4.6.1 C/O ratios in H ii regions
[95] computed for the first time the C/H and C/O radial gradients of the ionized gas
from ORLs in the MW. Later, [152] derived these gradients in M101, and [25] in
M33 and NGC300.
The general conclusion of these works is that C abundance gradients are always
steeper than those of O, producing negative C/O gradients across the galactic disks
which reflect the non-primary behavior of C enrichment. Furthermore, the compar-
ison between the C/H and C/O gradients obtained in the MW with state-of-the-art
chemical evolution models revealed that the obtained C gradients can only been
explained if the C produced by massive and low-intermediate mass stars depends
strongly on time and on the Galactocentric distance ([141]).
From the C/O ratios computed from ORLs in several low-metallicity star-forming
galaxies compiled by [153, 142] it has been found that H ii regions in star-forming
dwarf galaxies have different chemical evolution histories than the inner discs of
spiral galaxies and that the bulk of C in the most metal-poor extragalactic H ii
regions should have the same origin as in halo stars (see Figs. 8 and 9 of [142]).
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4.6.2 C/O ratios in PNe
As was pointed out above, there are multiple determinations of C abundance from
UV lines in the literature. These determinations, when considered together with
detailed analysis of optical spectra covering the same volume of the nebula, provide
strong constraints to nucleosynthesis models (see e. g. [147]). However, owing to
limitations in space, in this text I am going to focus on the determination of C/O
ratios from ORLs.
Thanks to the new CCDs with improved efficiency in the blue and the use of large
telescopes, several high-quality observations of the C ii λ4267 RL in PNe have been
achieved in the last years (e. g. [150, 144, 19, 151, 124, 8, 20, 24].
C/O ratios derived from ORLs combined with other abundance ratios such as
N/O or He/H, can set strong constraints to the initial mass of PNe progenitors. This
is because different processes occurring at the interior of AGB stars (third dredge-up
episodes, hot bottom burning process) activate at different masses and can strongly
modify C/O and N/O ratios (see e. g. [154] and references therein). These ratios can
also provide strong constraints to the physics assumed by nucleosynthesis models,
i. e. the assumption of convective overshooting into the core during themain sequence
and the He-burning phases can diminish themass limit at which He-flashes can occur
at a given metallicity ([89]) compared to those models not considering it ([154]);
this has implications for the mass limit at which hot bottom burning can be activated.
Additionally, C/O ratios can be used to obtain information about the efficiency of
dust formation in C-rich or O-rich environments (see below) and to learn about
different dust-formation mechanisms (see [85] and [24]).
4.7 Abundances of heavy elements in PNe from faint emission lines
As I have emphasized several times in this chapter, the increasing efficiency of
astronomical detectors as well as the advent of large (8m-10m type) telescopes have
boosted the detection of very faint emission lines in photoionized regions. In this
section, I will focus on the detection of extremely faint lines in deep spectra of PNe.
4.7.1 Faint emission lines of refractory elements
The determination of elemental abundances of refractory elements in the spectra of
Galactic PNe is not an easy task because the available lines of these elements (mainly
iron and nickel) are relatively faint. Additionally, these elements are constituents of
dust grains in the ISM and their abundance in photoionized nebulae do not reflect
their actual abundances. Several authors have computed abundances of Fe ions
in both PNe and H ii regions ([155, 156, 157, 158]) [157] computed detailed Fe
abundances for a sample of 28 PNe and found that more than 90% of Fe atoms are
condensed on dust grains. These authors did not find differences between the iron
24 Jorge García-Rojas
abundances in C-rich and O-rich PNe, suggesting similar depletion efficiencies in
both environments.
[149] combined C/O ratios derived from both UV CELs and optical ORLs (as we
comment in Sect. 4.5, they seem to be equivalent) with information obtained from
Spitzer mid-infrared spectra. They also computed Fe depletions onto dust grains,
and found that the highest depletion factors are found in C-rich objects with SiC or
the 30 µm feature in their infrared spectra, while the lowest depletion factors were
found for some of the O-rich objects showing silicates in their infrared spectra.
[159] compiled detections of very faint [Ni ii] and [Ni iii] lines in deep spectra
of Galactic PNe and H ii regions. They determined the nickel abundance from
the [Ni iii] lines using an extensive grid of photoionization models to determine a
reliable ionization correction factor (ICF). From the comparison of Fe/Ni ratios with
the depletion factor obtained from both [Fe/H] and [Ni/H], they conclude that nickel
atoms adhere to dust grains more efficiently than iron atoms in environments where
dust formation or growth is more important.
4.7.2 Neutron-capture elements
Nebular spectroscopy of neutron(n)-capture elements (atomic number Z > 30) is a
recent field that has seen rapid development in the last 10 years, and holds promise to
significantly advance our understanding of AGB n-capture nucleosynthesis. Nebular
spectroscopy can reveal unique and complementary information to stellar spec-
troscopy. Observations of PNe provide the first opportunity to study the production
of the lightest n-capture elements (Z ≤ 36) and noble gases (Kr and Xe) in one of
their sites of origin. Unlike the case of AGB stars, nucleosynthesis and convective
dredge-up are complete in PNe, whose envelopes contain material from the last 2−3
thermal pulses. Accurate computations of n-capture elements would shed light on
the different scenarios proposed for the production of these elements and would
constrain the chemical yields of low- and intermediate-mass stars for these elements.
n-capture elements were not recognized in any astrophysical nebula until [160]
identified emission lines of Br, Kr, Rb, Xe, Ba, and possibly other heavy species
in the bright PN NGC7027. Since then, a breathtaking number of n-capture
element emission lines have been identified for the first time in near-infrared
([161, 162, 163, 164, 165]), UV ([166]) and optical ([151, 21, 22]) spectra of PNe.
The new detections have led to a dedicated effort to produce atomic data needed
for abundance determinations (e. g., see [167, 163, 165], and references therein).
The new photoionization cross-sections and recombination coefficients have been
incorporated in photoionization calculations to compute reliable ICFs (e. g., [168]).
The new collisional strengths have been used for abundance determinations of newly
detected ions (see [163], for [Rb iv], [164], for [Se iii] and [Kr vi], and [165] for
[Te iii] and [Br v]). Thanks to the fast advances in observations, atomic data de-
terminations and numerical modelling, this field has grown from just 3 PNe with
n-capture element abundances in 2001 to more than 100 Galactic PNe in 2019
([151, 162, 163, 8, 21, 169, 164, 22, 165]).
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The importance of deep, high-resolution optical spectrophotometry of PNe to
detect faint n-capture elements can be understood when comparing the works by
[151] and [21]. In the first case, several n-capture emission lines were discovered in
the spectra of 5 PNe, but even at a resolution of ∼22000, many features were not
unambiguously detected. [21] took advantage of the very high-resolution (R∼40000)
spectrum of NGC3918 to clearly identify several ions of Kr, Xe, Rb and Se, testing
for the first time the complete set of ICFs for Kr created by [168].
The combination of deep optical and near-infrared spectra of PNe has been proved
to be a powerful tool to test the predictions of modern AGB nucleosynthesis models
as well as to test the accuracy of new atomic data computations and ICF prescrip-
tions. [22] have combined a deep optical spectrum and a near-infrared spectrum of
NGC5315, testing for the first time the complete set of ICFs for Se created by [168].
Finally, the determination of precise elemental abundances ratios of n-capture
elements like Kr/Xe or Te/Se from optical and near-infrared spectra are potential
indicators of the time integrated neutron flux in the intershell region between the H-
and He-burning shells, giving strong constraints to nucleosynthesis models in the
thermally pulsing AGB phase [170].
Acknowledgements
First of all, I want to acknowledge support of the Erasmus+ programme of the Euro-
pean Union under grant number 2017-1-CZ01-KA203-035562. I also acknowledge
support from an Advanced Fellowship from the Severo Ochoa excellence program
(SEV-2015-0548) and support from the State Research Agency (AEI) of the Spanish
Ministry of Science, Innovation andUniversities (MCIU) and the European Regional
Development Fund (FEDER) under grant AYA2017-83383-P. I am grateful to Dr.
Gloria Delgado-Inglada, who kindly provided me the data and the script to produce
Fig. 5 for this chapter. I thank the referee of this chapter, Dr. Roger Wesson, for a
detailed report that help to improve the scientific content of the chapter.
References
1. W. Huggins, W.A. Miller, Philosophical Transactions of the Royal Society of London Series
I 154, 437 (1864)
2. M.L. Huggins, ApJ 8, 54 (1898). DOI 10.1086/140540
3. I.S. Bowen, Nature 120(3022), 473 (1927). DOI 10.1038/120473a0
4. D.E. Osterbrock, PASP 100, 412 (1988). DOI 10.1086/132188
5. I.S. Bowen, PASP 39(231), 295 (1927). DOI 10.1086/123745
6. D.E. Osterbrock, G.J. Ferland, Astrophysics of gaseous nebulae and active galactic nuclei
(2006)
7. S. Kwok, Physics and Chemistry of the Interstellar Medium (2007)
8. J. García-Rojas, M. Peña, C. Morisset, A. Mesa-Delgado, M.T. Ruiz, A&A 538, A54 (2012).
DOI 10.1051/0004-6361/201118217
26 Jorge García-Rojas
9. J. García-Rojas, M. Peña, C. Morisset, G. Delgado-Inglada, A. Mesa-Delgado, M.T. Ruiz,
A&A 558, A122 (2013). DOI 10.1051/0004-6361/201322354
10. M. Peimbert, A. Peimbert, G. Delgado-Inglada, PASP 129(978), 082001 (2017). DOI
10.1088/1538-3873/aa72c3
11. E. Pérez-Montero, PASP 129(974), 043001 (2017). DOI 10.1088/1538-3873/aa5abb
12. G. Stasińska, Proceedings of the XIII Canary Islands Winter School of Astrophysics. “Cos-
mochemistry. The melting pot of the elements” astro-ph/0207500 (2002)
13. G. Stasińska, arXiv e-prints arXiv:0704.0348 (2007)
14. X.W. Liu, P.J. Storey, M.J. Barlow, I.J. Danziger, M. Cohen, M. Bryce, MNRAS 312(3), 585
(2000). DOI 10.1046/j.1365-8711.2000.03167.x
15. Y.G. Tsamis, M.J. Barlow, X.W. Liu, I.J. Danziger, P.J. Storey, MNRAS 338(3), 687 (2003).
DOI 10.1046/j.1365-8711.2003.06081.x
16. Y.G. Tsamis, M.J. Barlow, X.W. Liu, I.J. Danziger, P.J. Storey, MNRAS 345(1), 186 (2003).
DOI 10.1046/j.1365-8711.2003.06972.x
17. C. Esteban, M. Peimbert, J. García-Rojas, M.T. Ruiz, A. Peimbert, M. Rodríguez, MNRAS
355(1), 229 (2004). DOI 10.1111/j.1365-2966.2004.08313.x
18. J. García-Rojas, C. Esteban, M. Peimbert, M. Rodríguez, M.T. Ruiz, A. Peimbert, ApJS
153(2), 501 (2004). DOI 10.1086/421909
19. R. Wesson, X.W. Liu, M.J. Barlow, MNRAS 362(2), 424 (2005). DOI 10.1111/j.1365-2966.
2005.09325.x
20. X. Fang, X.W. Liu, MNRAS 415(1), 181 (2011). DOI 10.1111/j.1365-2966.2011.18681.x
21. J. García-Rojas, S. Madonna, V. Luridiana, N.C. Sterling, C. Morisset, G. Delgado-Inglada,
L. Toribio San Cipriano, MNRAS 452(3), 2606 (2015). DOI 10.1093/mnras/stv1415
22. S. Madonna, J. García-Rojas, N.C. Sterling, G. Delgado-Inglada, A. Mesa-Delgado, V. Lurid-
iana, I.U. Roederer, A.L. Mashburn, MNRAS 471(2), 1341 (2017). DOI 10.1093/mnras/
stx1585
23. R. Wesson, D. Jones, J. García-Rojas, H.M.J. Boffin, R.L.M. Corradi, MNRAS 480(4), 4589
(2018). DOI 10.1093/mnras/sty1871
24. J. García-Rojas, G. Delgado-Inglada, D.A. García-Hernández, F. Dell’Agli, M. Lugaro, A.I.
Karakas, M. Rodríguez, MNRAS 473(4), 4476 (2018). DOI 10.1093/mnras/stx2519
25. L. Toribio San Cipriano, J. García-Rojas, C. Esteban, F. Bresolin, M. Peimbert, MNRAS
458(2), 1866 (2016). DOI 10.1093/mnras/stw397
26. L. Toribio San Cipriano, G. Domínguez-Guzmán, C. Esteban, J. García-Rojas, A. Mesa-
Delgado, F. Bresolin, M. Rodríguez, S. Simón-Díaz, MNRAS 467(3), 3759 (2017). DOI
10.1093/mnras/stx328
27. I.A. McNabb, X. Fang, X.W. Liu, R.J. Bastin, P.J. Storey, MNRAS 428(4), 3443 (2013). DOI
10.1093/mnras/sts283
28. M. Rodríguez, in Chemical Abundances in Gaseous Nebulae: Open problems in nebular
astrophysics (2019)
29. A.L. Rudolph, M. Fich, G.R. Bell, T. Norsen, J.P. Simpson, M.R. Haas, E.F. Erickson, ApJS
162(2), 346 (2006). DOI 10.1086/498869
30. A. Afflerbach, E. Churchwell, M.W. Werner, ApJ 478(1), 190 (1997). DOI 10.1086/303771
31. E. Rosolowsky, J.D. Simon, ApJ 675(2), 1213 (2008). DOI 10.1086/527407
32. C. Esteban, J. García-Rojas, MNRAS 478(2), 2315 (2018). DOI 10.1093/mnras/sty1168
33. F. Bresolin, ApJ 730(2), 129 (2011). DOI 10.1088/0004-637X/730/2/129
34. G. Stasińska, A&A 434(2), 507 (2005). DOI 10.1051/0004-6361:20042216
35. R.L. Sanders, A.E. Shapley, N.A. Reddy, M. Kriek, B. Siana, A.L. Coil, B. Mobasher,
I. Shivaei, W.R. Freeman, M. Azadi, S.H. Price, G. Leung, T. Fetherolf, L. de Groot, T. Zick,
F.M. Fornasini, G. Barro, arXiv e-prints arXiv:1907.00013 (2019)
36. G. Domínguez-Guzmán, M. Rodríguez, C. Esteban, J. García-Rojas, arXiv e-prints
arXiv:1906.02102 (2019)
37. J. García-Rojas, C. Esteban, M. Peimbert, M.T. Costado, M. Rodríguez, A. Peimbert, M.T.
Ruiz, MNRAS 368(1), 253 (2006). DOI 10.1111/j.1365-2966.2006.10105.x
38. W.Wang, X.W. Liu, Y. Zhang,M.J. Barlow, A&A 427, 873 (2004). DOI 10.1051/0004-6361:
20041470
Physical conditions and chemical abundances in photoionized nebulae 27
39. A. Mesa-Delgado, M. Núñez-Díaz, C. Esteban, J. García-Rojas, N. Flores-Fajardo, L. López-
Martín, Y.G. Tsamis, W.J. Henney, MNRAS 426(1), 614 (2012). DOI 10.1111/j.1365-2966.
2012.21230.x
40. M.M. De Robertis, R.J. Dufour, R.W. Hunt, JRASC 81, 195 (1987)
41. R.A. Shaw, R.J. Dufour, PASP 107, 896 (1995). DOI 10.1086/133637
42. R.Wesson, D.J. Stock, P. Scicluna, MNRAS 422(4), 3516 (2012). DOI 10.1111/j.1365-2966.
2012.20863.x
43. V. Luridiana, C. Morisset, R.A. Shaw, A&A 573, A42 (2015). DOI 10.1051/0004-6361/
201323152
44. B.E.J. Pagel, M.G. Edmunds, D.E. Blackwell, M.S. Chun, G. Smith, MNRAS 189, 95 (1979).
DOI 10.1093/mnras/189.1.95
45. D. Alloin, S. Collin-Souffrin, M. Joly, L. Vigroux, A&A 78, 200 (1979)
46. L.S. Pilyugin, T.X. Thuan, ApJ 631(1), 231 (2005). DOI 10.1086/432408
47. L.S. Pilyugin, J.M. Vílchez, T.X. Thuan, ApJ 720(2), 1738 (2010). DOI 10.1088/0004-637X/
720/2/1738
48. S.S. McGaugh, ApJ 380, 140 (1991). DOI 10.1086/170569
49. L.J. Kewley, M.A. Dopita, ApJS 142(1), 35 (2002). DOI 10.1086/341326
50. Á.R. López-Sánchez, C. Esteban, A&A 517, A85 (2010). DOI 10.1051/0004-6361/
201014156
51. Á.R. López-Sánchez, M.A. Dopita, L.J. Kewley, H.J. Zahid, D.C. Nicholls, J. Scharwächter,
MNRAS 426(4), 2630 (2012). DOI 10.1111/j.1365-2966.2012.21145.x
52. N. Vale Asari, G. Stasińska, C. Morisset, R. Cid Fernandes, MNRAS 460(2), 1739 (2016).
DOI 10.1093/mnras/stw971
53. I.T. Ho, MNRAS 485(3), 3569 (2019). DOI 10.1093/mnras/stz649
54. G. Stasinska, arXiv e-prints arXiv:1906.04520 (2019)
55. G. Stasińska, A&A 454(3), L127 (2006). DOI 10.1051/0004-6361:20065516
56. T. Parikh,D. Thomas, C.Maraston,K.B.Westfall, J. Lian,A. Fraser-McKelvie, B.H.Andrews,
N. Drory, S. Meneses-Goytia, MNRAS 483(3), 3420 (2019). DOI 10.1093/mnras/sty3339
57. L. Sánchez-Menguiano, J. Sánchez Almeida, C. Muñoz-Tuñón, S.F. Sánchez, M. Filho, H.C.
Hwang, N. Drory, arXiv e-prints arXiv:1904.03930 (2019)
58. S.F. Sánchez, F.F. Rosales-Ortega, J. Iglesias-Páramo, M. Mollá, J. Barrera-Ballesteros, R.A.
Marino, E. Pérez, P. Sánchez-Blazquez, R. González Delgado, R. Cid Fernand es, A&A 563,
A49 (2014). DOI 10.1051/0004-6361/201322343
59. L. Sánchez-Menguiano, S.F. Sánchez, I. Pérez, T. Ruiz-Lara, L. Galbany, J.P. Anderson,
T. Krühler, H. Kuncarayakti, J.D. Lyman, A&A 609, A119 (2018). DOI 10.1051/0004-6361/
201731486
60. V. Luridiana, J. García-Rojas, K. Aggarwal, M. Bautista, M. Bergemann, F. Delahaye, G. del
Zanna, G. Ferland, K. Lind, A. Manchado, arXiv e-prints arXiv:1110.1873 (2011)
61. V. Luridiana, J. García-Rojas, in IAU Symposium, vol. 283 (2012), vol. 283, pp. 139–143.
DOI 10.1017/S1743921312010848
62. M.V.F. Copetti, B.C. Writzl, A&A 382, 282 (2002). DOI 10.1051/0004-6361:20011621
63. W.L. Wiese, J.R. Fuhr, T.M. Deters, Atomic transition probabilities of carbon, nitrogen, and
oxygen : a critical data compilation (1996)
64. C.J. Zeippen, A&A 173, 410 (1987)
65. B.M. McLaughlin, K.L. Bell, Journal of Physics B Atomic Molecular Physics 31(19), 4317
(1998). DOI 10.1088/0953-4075/31/19/017
66. L. Juan de Dios, M. Rodríguez, MNRAS 469(1), 1036 (2017). DOI 10.1093/mnras/stx916
67. M. Peimbert, R. Costero, Boletin de los Observatorios Tonantzintla y Tacubaya 5, 3 (1969)
68. M. Peimbert, S. Torres-Peimbert, MNRAS 179, 217 (1977). DOI 10.1093/mnras/179.2.217
69. G. Delgado-Inglada, A. Medina-Amayo, G. Stasińska, arXiv e-prints arXiv:1905.01191
(2019)
70. G. Delgado-Inglada, C. Morisset, G. Stasińska, MNRAS 440(1), 536 (2014). DOI 10.1093/
mnras/stu341
71. G. Stasińska, A&A 66, 257 (1978)
28 Jorge García-Rojas
72. J.S. Mathis, M.R. Rosa, A&A 245, 625 (1991)
73. Y.I. Izotov, T.X. Thuan, V.A. Lipovetsky, ApJ 435, 647 (1994). DOI 10.1086/174843
74. D.R. Garnett, G.A. Shields, M. Peimbert, S. Torres-Peimbert, E.D. Skillman, R.J. Dufour,
E. Terlevich, R.J. Terlevich, ApJ 513(1), 168 (1999). DOI 10.1086/306860
75. Y.I. Izotov, G. Stasińska, G. Meynet, N.G. Guseva, T.X. Thuan, A&A 448(3), 955 (2006).
DOI 10.1051/0004-6361:20053763
76. E. Pérez-Montero, G.F. Hägele, T. Contini, Á.I. Díaz, MNRAS 381(1), 125 (2007). DOI
10.1111/j.1365-2966.2007.12213.x
77. O.L. Dors, E. Pérez-Montero, G.F. Hägele, M.V. Cardaci, A.C. Krabbe, MNRAS 456(4),
4407 (2016). DOI 10.1093/mnras/stv2995
78. R.L. Kingsburgh, M.J. Barlow, MNRAS 271, 257 (1994). DOI 10.1093/mnras/271.2.257
79. M. Rodríguez, R.H. Rubin, ApJ 626(2), 900 (2005). DOI 10.1086/429958
80. G. Stasińska, Y. Izotov, A&A 397, 71 (2003). DOI 10.1051/0004-6361:20021510
81. C. Esteban, J. García-Rojas, V. Pérez-Mesa, MNRAS 452(2), 1553 (2015). DOI 10.1093/
mnras/stv1367
82. D.A. Berg, D.K. Erb, R.B.C. Henry, E.D. Skillman, K.B.W.McQuinn, ApJ 874(1), 93 (2019).
DOI 10.3847/1538-4357/ab020a
83. G. Delgado-Inglada, M. Rodríguez, M. Peimbert, G. Stasińska, C. Morisset, MNRAS 449(2),
1797 (2015). DOI 10.1093/mnras/stv388
84. P. Marigo, A&A 370, 194 (2001). DOI 10.1051/0004-6361:20000247
85. D.A. García-Hernández, P. Ventura, G. Delgado-Inglada, F. Dell’Agli, M. Di Criscienzo,
A. Yagüe, MNRAS 461(1), 542 (2016). DOI 10.1093/mnras/stw1349
86. M. Pignatari, F. Herwig, R. Hirschi, M. Bennett, G. Rockefeller, C. Fryer, F.X. Timmes,
C. Ritter, A. Heger, S. Jones, U. Battino, A. Dotter, R. Trappitsch, S. Diehl, U. Frischknecht,
A. Hungerford, G. Magkotsios, C. Travaglio, P. Young, ApJS 225(2), 24 (2016). DOI
10.3847/0067-0049/225/2/24
87. K. Lodders, Astrophysics and Space Science Proceedings 16, 379 (2010). DOI 10.1007/
978-3-642-10352-0-8
88. P. Leisy, M. Dennefeld, A&A 456(2), 451 (2006). DOI 10.1051/0004-6361:20053063
89. D.A. García-Hernández, P. Ventura, G. Delgado-Inglada, F. Dell’Agli, M. Di Criscienzo,
A. Yagüe, MNRAS 458(1), L118 (2016). DOI 10.1093/mnrasl/slw029
90. L. Searle, ApJ 168, 327 (1971). DOI 10.1086/151090
91. B.E.J. Pagel, M.G. Edmunds, ARA&A 19, 77 (1981). DOI 10.1146/annurev.aa.19.090181.
000453
92. L.H. Aller, ApJ 95, 52 (1942). DOI 10.1086/144372
93. P.A. Shaver, R.X.McGee, L.M. Newton, A.C. Danks, S.R. Pottasch, MNRAS 204, 53 (1983).
DOI 10.1093/mnras/204.1.53
94. L. Deharveng, M. Peña, J. Caplan, R. Costero, MNRAS 311(2), 329 (2000). DOI 10.1046/j.
1365-8711.2000.03030.x
95. C. Esteban, J. García-Rojas, M. Peimbert, A. Peimbert, M.T. Ruiz, M. Rodríguez, L. Carigi,
ApJL 618(2), L95 (2005). DOI 10.1086/426889
96. C. Esteban, X. Fang, J. García-Rojas, L. Toribio San Cipriano, MNRAS 471(1), 987 (2017).
DOI 10.1093/mnras/stx1624
97. A. Fernández-Martín, E. Pérez-Montero, J.M. Vílchez, A. Mampaso, A&A 597, A84 (2017).
DOI 10.1051/0004-6361/201628423
98. D.R. Garnett, G.A. Shields, E.D. Skillman, S.P. Sagan, R.J. Dufour, ApJ 489(1), 63 (1997).
DOI 10.1086/304775
99. A. Zurita, F. Bresolin, MNRAS 427(2), 1463 (2012). DOI 10.1111/j.1365-2966.2012.22075.
x
100. K.V. Croxall, R.W. Pogge, D.A. Berg, E.D. Skillman, J. Moustakas, ApJ 808(1), 42 (2015).
DOI 10.1088/0004-637X/808/1/42
101. D.A. Berg, E.D. Skillman, K.V. Croxall, R.W. Pogge, J. Moustakas, M. Johnson-Groh, ApJ
806(1), 16 (2015). DOI 10.1088/0004-637X/806/1/16
102. D.S. Balser, R.T. Rood, T.M. Bania, L.D. Anderson, ApJ 738(1), 27 (2011). DOI 10.1088/
0004-637X/738/1/27
Physical conditions and chemical abundances in photoionized nebulae 29
103. K.V. Croxall, R.W. Pogge, D.A. Berg, E.D. Skillman, J. Moustakas, ApJ 830(1), 4 (2016).
DOI 10.3847/0004-637X/830/1/4
104. W.J. Maciel, R.D.D. Costa, RevMexAA 49, 333 (2013)
105. L. Stanghellini, M. Haywood, ApJ 862(1), 45 (2018). DOI 10.3847/1538-4357/aacaf8
106. R.B.C. Henry, K.B. Kwitter, A.E. Jaskot, B. Balick, M.A. Morrison, J.B. Milingo, ApJ
724(1), 748 (2010). DOI 10.1088/0004-637X/724/1/748
107. J. García-Rojas, arXiv e-prints arXiv:1810.09755 (2018)
108. E. Pérez, R. Cid Fernandes, R.M.GonzálezDelgado, R.García-Benito, S.F. Sánchez, B.Huse-
mann, D. Mast, J.R. Rodón, D. Kupko, N. Backsmann, A.L. de Amorim, G. van de Ven,
J. Walcher, L. Wisotzki, C. Cortijo-Ferrero, CALIFA Collaboration, ApJL 764(1), L1 (2013).
DOI 10.1088/2041-8205/764/1/L1
109. M. Mollá, Á.I. Díaz, O. Cavichia, B.K. Gibson, W.J. Maciel, R.D.D. Costa, Y. Ascasibar,
C.G. Few, MNRAS 482(3), 3071 (2019). DOI 10.1093/mnras/sty2877
110. A.B. Wyse, ApJ 95, 356 (1942). DOI 10.1086/144409
111. J. García-Rojas, C. Esteban, ApJ 670(1), 457 (2007). DOI 10.1086/521871
112. M. Peimbert, ApJ 150, 825 (1967). DOI 10.1086/149385
113. S. Torres-Peimbert, M. Peimbert, E. Daltabuit, ApJ 238, 133 (1980). DOI 10.1086/157966
114. S. Torres-Peimbert, M. Peimbert, M. Pena, A&A 233, 540 (1990)
115. Y.G. Tsamis, D. Péquignot, MNRAS 364(2), 687 (2005). DOI 10.1111/j.1365-2966.2005.
09595.x
116. H.B. Yuan, X.W. Liu, D. Péquignot, R.H. Rubin, B. Ercolano, Y. Zhang, MNRAS 411(2),
1035 (2011). DOI 10.1111/j.1365-2966.2010.17732.x
117. W.J. Henney, G. Stasińska, ApJ 711(2), 881 (2010). DOI 10.1088/0004-637X/711/2/881
118. G. Stasińska, G. Tenorio-Tagle, M. Rodríguez, W.J. Henney, A&A 471(1), 193 (2007). DOI
10.1051/0004-6361:20065675
119. D.C. Nicholls, M.A. Dopita, R.S. Sutherland, ApJ 752(2), 148 (2012). DOI 10.1088/
0004-637X/752/2/148
120. C. Mendoza, M.A. Bautista, ApJ 785(2), 91 (2014). DOI 10.1088/0004-637X/785/2/91
121. G.J. Ferland, W.J. Henney, C.R. O’Dell, M. Peimbert, RevMexAA 52, 261 (2016)
122. B.T. Draine, C.D. Kreisch, ApJ 862(1), 30 (2018). DOI 10.3847/1538-4357/aac891
123. Y. Zhang, B. Zhang, X.W. Liu, ApJ 817(1), 68 (2016). DOI 10.3847/0004-637X/817/1/68
124. W. Wang, X.W. Liu, MNRAS 381(2), 669 (2007). DOI 10.1111/j.1365-2966.2007.12198.x
125. X.W. Liu, M.J. Barlow, Y. Zhang, R.J. Bastin, P.J. Storey, MNRAS 368(4), 1959 (2006). DOI
10.1111/j.1365-2966.2006.10283.x
126. Y.G. Tsamis, M.J. Barlow, X.W. Liu, P.J. Storey, I.J. Danziger, MNRAS 353(3), 953 (2004).
DOI 10.1111/j.1365-2966.2004.08140.x
127. Y. Zhang, X.W. Liu, R. Wesson, P.J. Storey, Y. Liu, I.J. Danziger, MNRAS 351(3), 935
(2004). DOI 10.1111/j.1365-2966.2004.07838.x
128. Y. Zhang, H.B. Yuan, C.T. Hua, X.W. Liu, J. Nakashima, S. Kwok, ApJ 695(1), 488 (2009).
DOI 10.1088/0004-637X/695/1/488
129. A. Mesa-Delgado, C. Esteban, J. García-Rojas, V. Luridiana, M. Bautista, M. Rodríguez,
L. López-Martín, M. Peimbert, MNRAS 395(2), 855 (2009). DOI 10.1111/j.1365-2966.
2009.14554.x
130. Y.G. Tsamis, J.R. Walsh, J.M. Vílchez, D. Péquignot, MNRAS 412(2), 1367 (2011). DOI
10.1111/j.1365-2966.2010.17991.x
131. R.L.M. Corradi, J. García-Rojas, D. Jones, P. Rodríguez-Gil, ApJ 803(2), 99 (2015). DOI
10.1088/0004-637X/803/2/99
132. D. Jones, R. Wesson, J. García-Rojas, R.L.M. Corradi, H.M.J. Boffin, MNRAS 455(3), 3263
(2016). DOI 10.1093/mnras/stv2519
133. X.W. Liu, S.G. Luo, M.J. Barlow, I.J. Danziger, P.J. Storey, MNRAS 327(1), 141 (2001).
DOI 10.1046/j.1365-8711.2001.04676.x
134. D.R. Garnett, H.L. Dinerstein, ApJ 558(1), 145 (2001). DOI 10.1086/322452
135. J. García-Rojas, R.L.M. Corradi, H.M.J. Boffin, H. Monteiro, D. Jones, R. Wesson,
A. Cabrera-Lavers, P. Rodríguez-Gil, in Planetary Nebulae: Multi-Wavelength Probes of
Stellar and Galactic Evolution, IAU Symposium, vol. 323, ed. by X. Liu, L. Stanghellini,
A. Karakas (2017), IAU Symposium, vol. 323, pp. 65–69. DOI 10.1017/S1743921317000849
30 Jorge García-Rojas
136. J. García-Rojas, R.L.M. Corradi, H.Monteiro, D. Jones, P. Rodríguez-Gil, A. Cabrera-Lavers,
ApJL 824(2), L27 (2016). DOI 10.3847/2041-8205/824/2/L27
137. M.G. Richer, L. Georgiev, A. Arrieta, S. Torres-Peimbert, ApJ 773(2), 133 (2013). DOI
10.1088/0004-637X/773/2/133
138. M.G. Richer, G. Suárez, J.A. López, M.T. García Díaz, AJ 153(3), 140 (2017). DOI
10.3847/1538-3881/aa5f53
139. R.E. Williams, N.J. Woolf, E.K. Hege, R.L. Moore, D.A. Kopriva, ApJ 224, 171 (1978). DOI
10.1086/156362
140. R.E. Williams, ApJ 261, 170 (1982). DOI 10.1086/160328
141. L. Carigi, M. Peimbert, C. Esteban, J. García-Rojas, ApJ 623(1), 213 (2005). DOI 10.1086/
428491
142. C. Esteban, J. García-Rojas, L. Carigi, M. Peimbert, F. Bresolin, A.R. López-Sánchez,
A. Mesa-Delgado, MNRAS 443(1), 624 (2014). DOI 10.1093/mnras/stu1177
143. D.A. Berg, E.D. Skillman, R.B.C. Henry, D.K. Erb, L. Carigi, ApJ 827(2), 126 (2016). DOI
10.3847/0004-637X/827/2/126
144. Y. Liu, X.W. Liu, S.G. Luo, M.J. Barlow, MNRAS 353(4), 1231 (2004). DOI 10.1111/j.
1365-2966.2004.08155.x
145. L. Stanghellini, T.H. Lee, R.A. Shaw, B. Balick, E. Villaver, ApJ 702(1), 733 (2009). DOI
10.1088/0004-637X/702/1/733
146. R.J. Dufour, K.B. Kwitter, R.A. Shaw, R.B.C. Henry, B. Balick, R.L.M. Corradi, ApJ 803(1),
23 (2015). DOI 10.1088/0004-637X/803/1/23
147. R.B.C. Henry, B.G. Stephenson, M.M. Miller Bertolami, K.B. Kwitter, B. Balick, MNRAS
473(1), 241 (2018). DOI 10.1093/mnras/stx2286
148. T.R. Miller, R.B.C. Henry, B. Balick, K.B. Kwitter, R.J. Dufour, R.A. Shaw, R.L.M. Corradi,
MNRAS 482(1), 278 (2019). DOI 10.1093/mnras/sty2517
149. G. Delgado-Inglada, M. Rodríguez, ApJ 784(2), 173 (2014). DOI 10.1088/0004-637X/784/
2/173
150. M. Peimbert, A. Peimbert, M.T. Ruiz, C. Esteban, ApJS 150(2), 431 (2004). DOI 10.1086/
381090
151. B. Sharpee, Y. Zhang, R. Williams, E. Pellegrini, K. Cavagnolo, J.A. Baldwin, M. Phillips,
X.W. Liu, ApJ 659(2), 1265 (2007). DOI 10.1086/511665
152. C. Esteban, F. Bresolin, M. Peimbert, J. García-Rojas, A. Peimbert, A. Mesa-Delgado, ApJ
700(1), 654 (2009). DOI 10.1088/0004-637X/700/1/654
153. Á.R. López-Sánchez, C. Esteban, J. García-Rojas, M. Peimbert, M. Rodríguez, ApJ 656(1),
168 (2007). DOI 10.1086/510112
154. A.I. Karakas, M. Lugaro, ApJ 825(1), 26 (2016). DOI 10.3847/0004-637X/825/1/26
155. M. Rodriguez, A&A 313, L5 (1996)
156. M. Rodríguez, ApJ 590(1), 296 (2003). DOI 10.1086/374925
157. G. Delgado Inglada, M. Rodríguez, A. Mampaso, K. Viironen, ApJ 694(2), 1335 (2009).
DOI 10.1088/0004-637X/694/2/1335
158. Y. Zhang, X. Fang, W. Chau, C.H. Hsia, X.W. Liu, S. Kwok, N. Koning, ApJ 754(1), 28
(2012). DOI 10.1088/0004-637X/754/1/28
159. G. Delgado-Inglada, A. Mesa-Delgado, J. García-Rojas, M. Rodríguez, C. Esteban, MNRAS
456(4), 3855 (2016). DOI 10.1093/mnras/stv2961
160. D. Pequignot, J.P. Baluteau, A&A 283, 593 (1994)
161. H.L. Dinerstein, ApJL 550(2), L223 (2001). DOI 10.1086/319645
162. N.C. Sterling, H.L. Dinerstein, ApJS 174(1), 158 (2008). DOI 10.1086/520845
163. N.C. Sterling, H.L. Dinerstein, K.F. Kaplan, M.A. Bautista, ApJL 819(1), L9 (2016). DOI
10.3847/2041-8205/819/1/L9
164. N.C. Sterling, S. Madonna, K. Butler, J. García-Rojas, A.L. Mashburn, C. Morisset, V. Lurid-
iana, I.U. Roederer, ApJ 840(2), 80 (2017). DOI 10.3847/1538-4357/aa6c28
165. S. Madonna, M. Bautista, H.L. Dinerstein, N.C. Sterling, J. García-Rojas, K.F. Kaplan,
M. del Mar Rubio-Díez, N. Castro-Rodríguez, F. Garzón, ApJL 861(1), L8 (2018). DOI
10.3847/2041-8213/aaccef
Physical conditions and chemical abundances in photoionized nebulae 31
166. N.C. Sterling, H.L. Dinerstein, C.W. Bowers, ApJL 578(1), L55 (2002). DOI 10.1086/344473
167. N.C. Sterling, M.C.Witthoeft, A&A 529, A147 (2011). DOI 10.1051/0004-6361/201116718
168. N.C. Sterling, R.L. Porter, H.L. Dinerstein, ApJS 218(2), 25 (2015). DOI 10.1088/0067-0049/
218/2/25
169. A.L. Mashburn, N.C. Sterling, S. Madonna, H.L. Dinerstein, I.U. Roederer, T.R. Geballe,
ApJL 831(1), L3 (2016). DOI 10.3847/2041-8205/831/1/L3
170. S. Madonna, PhD Thesis (2019)
